Hepatocyte transplantation is an alternative therapy to orthotopic liver transplantation for the treatment of liver diseases. Good quality freshly isolated or cryopreserved human hepatocytes are needed for clinical transplantation. However, isolation, cryopreservation, and thawing processes can seriously impair hepatocyte viability and functionality. The aim of the present study was to develop a fast and sensitive procedure to estimate the quality of hepatocyte preparations prior to clinical cell infusion. To this end, cell viability, attachment efficiency, and metabolic competence (urea synthesis and drug-metabolizing P450 activities) were selected as objective criteria. Viability of hepatocyte suspension was estimated by trypan blue staining. DNA content of attached cells 50 min after hepatocyte platting to fibronectin/collagen-coated dishes was quantified to estimate adherence capacity. Urea production was determined after incubating hepatocyte suspensions with 2 mM ClNH 4 for 30 min. The cytochrome P450 function was assayed by a 30-min incubation of hepatocyte suspension with a cocktail mixture containing selective substrates for seven individual P450 activities (CYP1A2, 2A6, 2C9, 2C19, 2D6, 2E1, and 3A4). The assay can be applied to both freshly isolated and cryopreserved hepatocyte suspensions, and the results are available within 1 h, which could help to make short-term decisions: 1) to assess the suitability for cell transplantation of a preparation of freshly isolated hepatocytes or a particular batch of thawed cells, or 2) to estimate the convenience of banking a particular cell preparation.
INTRODUCTION
Presently, hepatocytes obtained from human liver tissue are a unique source for hepatocyte transplantation. The application of hepatocytes for transplantation Orthotopic liver transplantation is a major effective treatment for patients with fulminant and chronic liver purposes demands high-quality cell preparations, which depend to a large extent on the nature of the tissue used failure. However, this clinical practice is highly limited by the shortage of organ donors. Hepatocyte transplanta-for cell harvesting. The main sources of tissue for hepatocyte isolation are segments from reduced cadaveric tion may represent an alternative to whole-organ transplantation in acute liver failure, for the correction of cer-grafts and marginal livers that are unsuitable for transplantation, where steatosis is a major reason to discard tain metabolic liver disorders, and for late-stage liver diseases (9,21,40). The major factor limiting hepatocyte liver grafts (1, 9) . However, initial liver damage or liver diseases, such as fibrosis or steatosis, may cause reduced transplantation is the scarce availability of good quality human hepatocytes. Fetal hepatocytes, immortalized cell metabolic functions of isolated cells. Different techniques using collagenase perfusion have been developed lines, or hepatocytes generated from stem cells have been proposed as potential sources of human hepato-to obtain human hepatocytes from unused donor liver tissue (3, 6, 9, 11, 41) . From surgical removal of the tissue cytes for clinical applications; however, these strategies are still in development and do not constitute real alter-to final obtention of cell suspensions, hepatocytes are subjected to a number of factors (i.e., warm ischemia native cell therapies for liver diseases to date (1, 4, 29) . 1212 DONATO ET AL. and hypoxia during surgical resection of the liver, cold step perfusion technique for the large-scale preparation of hepatocytes (16) . Immediately after disaggregating ischemia during transportation, cell isolation procedure) that can influence their viability and functionality. Not the liver, an aliquot of the crude hepatocyte suspension was taken to determine attaching capability and to per-only hepatocyte sources, but also isolation methods and preservation procedures are key factors for hepatocyte form functional assays. Then, the resting cell suspension was centrifuged at 100 × g for 5 min, followed by two transplantation. The influence of several variables (the gender and age of the donor, underlying malignancy or washes of the pellets with Williams E medium. Finally, hepatocytes were suspended in the appropriate medium liver disease, alcohol consumption or smoking habits, previous treatments, clamping times, composition of depending on their use. transportation solutions, weight of liver sample, time of Hepatocyte Cryopreservation and Thawing digestion, etc.) on the yield of the isolation procedure have been examined (2, 6, 7, 11, 27, 35, 38) . Mild steatosis Freshly isolated hepatocytes were sedimented and suspended at a density of 10 × 10 6 viable cells/ml of (<10% steatotic hepatocytes) has been reported to not affect the outcome of hepatocyte isolation, but severe cyopreservation medium (90% University of Wisconsin solution and 10% DMSO, v/v maintained at 4°C). Then steatosis decreases hepatocyte viability and yield, and also the levels of drug metabolising cytochrome P450 2 ml of the resultant cell suspension was aliquoted into cryovials (20 × 10 6 cells/vial), which were transferred (P450) enzymes (2, 3, 10, 13, 15 ). Short warm ischemia times (<30 min) and flushing the tissue with preserva-into isopropanol containers (Nalgene; Nalge Nunc International Rochester, NY) and stored at −80°C (freezing tion solutions are recommended (7, 11, 38) .
To date, no general consensus exists on protocols for rate −1°C/min) for 12 h. Cryopreserved hepatocytes were stored long term in liquid nitrogen at −196°C. For the use of freshly isolated or cryopreserved hepatocytes for transplantation. Hepatocyte suspension is infused in-cell thawing, vials were removed from liquid nitrogen and immediately placed in a water bath at 37°C. Cells traportally into the patient's liver, where a proportion of cells will engraft and replace the deficient metabolic were gently pipetted into 18 ml of thawing medium (5% human serum albumin, 2 U/ml sodium heparin, 10 mM function without the need of major surgery. Hepatocytes should not only be highly viable, but also functionally glucose, 2 mM N-acetyl cysteine in 0.1 M phosphatebuffered saline, pH 7.4) at 4°C and centrifuged at 100 × g active to allow the functions lacking in the native liver to recover. Reliable assays are needed to assess the func-for 3 min. Finally, cells were resuspended in the appropriate medium depending on their use. tional capacity of cells in the course of the isolation procedure or shortly after thawing. This will allow obtain-Cell Viability and Adherence Capability Assessment ing a far more rigorous estimation of the quality of hepatocyte preparations and their ability to perform nor-Cell viability was assessed by the dye exclusion test with 0.4% trypan blue in saline and expressed as a per-mal liver functions, which, in turn, permits decisions to be made at a very early stage of the procedure to obtain centage. To assess attachment efficiency, hepatocytes were seeded on fibronectin/collagen type I-coated cul-hepatocytes as to whether the cells fulfill the quality requirements for them to be infused into a recipient. ture dishes at a density of 8 × 10 4 viable cells/cm 2 (freshly isolated hepatocytes) or 1 × 10 5 viable cells/cm 2 The aim of this work was to develop fast and sensitive assays to assess the cell quality of freshly isolated (cryopreserved hepatocytes) in Ham's F-12/Williams (1: 1) medium supplemented as described previously (17). hepatocytes at a very early stage of the isolation procedure with enough time prior to cell transplantation or Cell attachment to the culture surface was monitored by periodic observation under phase contrast microscope. cryopreservation. To this end, cell viability, attaching capacity, and functional markers, namely ureogenic ca-Fifty minutes after cell platting, unattached hepatocytes were discarded and the DNA content of attached cells was pability and P450 activities (CYP1A2, 2A6, 2C9, 2C19, 2D6, 2E1, and 3A4), were measured and the results measured by a fluorimetric method using Hoeschst 33258 dye as previously described (18) . The results are expressed were available within 1 h.
as a percentage of the DNA content of seeded cells.
MATERIALS AND METHODS

Ureogenesis Isolation of Human Hepatocytes
Liver segments from reduced cadaveric grafts were Hepatocytes in suspension were incubated in 1 ml of HEPES-saline solution (10 mM HEPES, 2 mM Cl 2 Ca, obtained in conformity with the rules of the Hospital's Ethics Committee and were used for cell harvesting. Do-137 mM NaCl, 5 mM KCl, 1 mM Na 2 HPO 4 , 0.5 mM MgCl 2 , 10 mM glucose) containing 2 or 10 mM NH 4 Cl nor and liver characteristics are shown in Table 1 . Liver samples were maintained in cold Celsior solution until at 37°C. At regular intervals, aliquots of incubation medium (250 µl) were taken, put into an ice bath, and im-cell isolation. Hepatocytes were obtained using a two- mediately centrifuged at 1000 × g. The urea formed and ml), time of incubations (up to 60 min), and NH 4 Cl concentrations (2 or 10 mM) were tested to define optimal released into supernatants was determined using a quantitative colorimetric assay at 520 nm (Quantichrom TM incubation conditions for the urea synthesis assay. No appreciable differences in urea production rates from 2 Urea assay kit, DIUR-500, Bioassay Systems) adapted to 96-well plates. The urea production rate was ex-or 10 mM NH 4 Cl were observed (data not shown). cyte suspensions at different cell densities incubated with 2 mM NH 4 Cl. The linearity of urea formation was Drug Metabolism Assessment observed for at least 45-60 min, except for incubations at the lowest cell density (0.5 × 10 6 cells/ml), which Isolated hepatocytes were incubated in 1 ml of HEPES-saline solution containing a mixture of sub-showed low production rates during short-term incubations, probably due to an underestimation of urea by the strates for measuring P450-dependent activities: 10 µM phenacetin, 5 µM coumarin, 10 µM diclofenac, 50 µM colorimetric assay. As the objective of the present study was to develop a fast and sensitive assay for the assess-S-mephenytoin, 10 µM bufuralol, 50 µM chlorzoxazone, and 5 µM midazolam. This probe cocktail composition was selected on the basis of a previously published procedure for measuring the activity of individual P450 enzymes in human cultured hepatocytes (24) . After 15, 30,  or 60 min at 37°C, aliquots of incubation medium (200 µl) were taken and centrifuged at 1000 × g. The metabolites formed during activity assays were quantified by HPLC-MS/MS (Micromass Quattro Micro; Waters, Milford, MA, USA) in the electrospray ionization mode, interfaced with an Alliance 2795 HPLC (Waters Chromatography), as described previously (25) . Activity values were expressed as picomoles of metabolite formed per minute and per million of viable cells.
Statistical Analysis
All experimental data corresponded to the mean of duplicated incubations. Mean comparisons were performed using the Student's t-test, and a value of p < 0.05 was considered statistically significant. 
RESULTS
Freshly isolated hepatocytes were incubated at different cellular densities in the presence of 2 mM ClNH 4 , and urea released Urea Production into the incubation medium was quantified at the indicated In a series of preliminary experiments, different hepatimes. Data correspond to urea production by hepatocyte suspension from liver 1 assayed in duplicate.
tocyte suspension densities (0.5-2.5 × 10 6 viable cells/ ment of functional capability of hepatocytes, the shortest rations showed a viability of >60% (ranging from 71% to 97%). Viable cells showed a typical morphology as possible incubation periods are recommended. On the basis of these results, an assay consisting of hepatocyte demonstrated from observation with a microscope, and adhesion to culture substrate of attachable hepatocytes suspensions containing 1.25 × 10 6 cells/ml and incubated for 30 min with 2 mM NH 4 Cl was standardized was completed after 40 min of cell seeding (Fig. 3) . The platting efficiency of hepatocytes ranged from 72% to for further incubations.
91% (Table 2) .
P450 Activities
Urea is formed within the urea cycle and represents the major end-product of ammonia detoxification in the Activities of seven individual P450 enzymes were estimated by measuring oxidative reactions that were liver. This hepatic function is essential for the elimination of ammonia generated from protein catabolism and specific for each enzyme: phenacetin O-deethylation (CYP1A2), coumarin 7-hydroxylation (CYP2A6), diclo-also for the utilization of most amino acids for gluconeogenesis, and is a good indicator of the degree of hepato-fenac 4′-hydroxylation (CYP2C9), S-mephenytoin 4′hydroxylation (CYP2C19), bufuralol 1-hydroyxlation cyte mitochondria preservation. As shown in Table 2 , the cell suspensions obtained from all donor livers in-(CYP2D6), chlorzoxazone 6-hydroxylation (CYP2E1), and midazolam 1-hydroxylation (CYP3A4). In general, cluded in the study were able to synthesize urea after 30 min of incubation with 2 mM ClNH 4 . The urea synthesis formation of the corresponding metabolites was linear over a period of 60 min of incubating hepatocyte sus-rates ranged from 0.80 to 4.26 nmol/min/10 6 viable cells. The lowest values corresponded to hepatocytes pensions (1.25 × 10 6 viable cells/ml) with the substrates. In some cases, however, decreased metabolic rates were isolated from livers 1 and 2, these being two cell preparations that showed high viability (>85%) and attach-observed at incubation times longer than 30 min (Fig.  2) . Thereafter, P450 activities were assayed by incubat-ment efficiency (85%), whereas hepatocytes from liver 6, which presented a high urea synthesis capacity, pre-ing hepatocyte suspensions (1.25 × 10 6 cells/ml) for 30 min with a substrate cocktail. These incubation condi-sented lower viability (78%). Detoxification, one of the vital functions of the liver, tions ensure that the production of the different metabolites generated by P450 enzymes proceeded within the involves both waste removal and xenobiotic biotransformation. Therefore, hepatocytes to be used for transplan-linear range for both low and high activity hepatocytes.
tation should be able to retain not only the ammonia-Quality Assessment of Human Hepatocyte Preparations detoxifying capacity, but also enzymatic activities involved in the metabolism of drugs and other xenobiotics. Drug A total of 10 human hepatocyte suspensions were obtained from donor livers. Cell viability, attachment effi-detoxication competence of isolated hepatocytes was assessed by measuring the individual activities of the ma-ciency, urea synthesis, and P450-dependent activities were determined as criteria to estimate the quality of jor human P450 enzymes responsible for the oxidative metabolism of drugs in the human liver, namely CYP1A2, hepatocyte suspensions ( Table 2 ). All hepatocyte prepa- Figure 2 . Enzyme-selective P450 activities in human hepatocyte suspension. Human hepatocytes in suspension (1.25 × 10 6 viable cells/ml) were incubated with a mixture of selective P450 probe substrates and metabolites released into the incubation medium were quantified at the indicated times. Data correspond to activities measured in hepatocytes from liver 2 assayed in duplicate. PHE, phenacetin O-deethylation; COH, coumarin 7-hydroxylation; M4′OH, S-mephenytoin 4′-hydroxylation; C6OH, chlorzoxazone 6-hydroxylation; D4′OH, diclofenac 4′-hydroxylation; B1OH, bufuralol; M1OH, midazolam 1-hydroxylation. 2A6, 2C9, 2C19, 2D6, 2E1, and 3A4. For the seven P450 The present assay was also used to estimate the functionality of cryopreserved hepatocytes. As seen in Table  activities , variability was observed among individual donors ( Table 2) . Variations in CYP2C9 activity levels were 3, the viability of thawed hepatocytes was significantly lower than that of freshly isolated (nonfrozen) hepato-relatively low (5.5-fold variation), whereas CYP1A2, 2D6, and 2C19 showed the highest variability (>45-fold). In cytes. Viability was <60% in one out of six suspensions of cryopreserved hepatocytes, and ranged from 60% to general, hepatocytes from livers 2 and 3 showed lower P450 activities than those from other donors. 70% in four hepatocyte preparations. A general decrease in platting efficiency was also found with variable results between the cells obtained from different human liver samples ( Table 3 ). The attaching capability of hepatocytes isolated from livers 8 and 9 was highly impaired by cryopreservation/thawing. Most thawed hepatocytes from these preparations remained unattached 1 h after seeding, in contrast to the high adhesion shown by nonfrozen cells from the same livers (Tables 2 and 3 ). Lower reductions in platting efficiency were observed for other hepatocyte preparations. Metabolic parameters were also measured in cryopreserved hepatocytes (Table  3 ). Although the susceptibility of hepatocytes to cryopreservation/thawing processes varied from one liver to another, on average thawed hepatocytes showed urea synthesis rates and P450 activity levels comparable to those of fresh hepatocytes. Urea formation was monitored in six hepatocyte preparations, and the initial rates in nonfrozen cells were maintained after cryopreservation in all cases (Tables 2 and 3 ). Apart from CYP2C9 (diclofenac ing processes did not significantly alter the metabolic Data correspond to two human hepatocyte preparations isocompetence of hepatocytes (Tables 2 and 3 ).
lated from different liver donors. Table 2 for individual data).
DISCUSSION
alytical methods, and the functional characterization of hepatocytes is completed after the infusion of cells into the recipient. Basically, the only requirements of hepatocyte preparations for cell transplantation are a viability of >60%
Hepatocytes are removed from their natural environment during liver digestion with collagenase. This pro-and the absence of microbiological contaminations (9). Simple viability measurements are not conclusive enough cess involved the loss of cell-matrix and cell-cell interactions, which appear to play a prominent role in to predict the long-term outcome of transplantation as the lack of correlation between in vitro hepatocyte via-maintaining differentiated functions by hepatocytes (19) . The adhesion of hepatocytes to the culture substrate is bility and graft function after transplantation has been reported (28, 30) . Additional criteria are needed for a an active process that requires the preservation of cell membrane receptors to extracellular matrix components better estimation of the quality of hepatocytes and to provide an objective basis for decision-making. In the (19, 34) . Not all isolated hepatocytes are able to attach to the culture surface (fibronectin/collagen-coated plas-present study, we propose an assay to estimate the quality of hepatocytes that is not only based on their viabil-tic dishes), and attachment efficiency can be used as an indication of the quality of cell suspensions. Cell adhe-ity, but also on their attachment efficiency and metabolic capacities. The major advantages of this procedure are sion is particularly relevant for hepatocyte transplantation where cells need to adhere to the hepatic sinusoidal that the functional characterization of hepatocytes is performed simultaneously with the preparation process of endothelium as part of the engraftment process (42) . Urea synthesis is a key function to prevent or relieve the final cell suspension, and that the results can be obtained in 1 h. To date, there is no consensus on the most hyperammonemia in recipients, and is measured to follow up the outcome of hepatocyte or liver transplanta-appropriate tests to estimate the functional capacity of the hepatocytes to be used for clinical applications. Key tion and to assess hepatocyte function in bioartificial liver devices (21,37,40). We have selected this basic hepatic functions, such as synthesis of plasmatic proteins, urea synthesis or ammonia removal, and drug-metab-liver function to assess the quality of hepatocyte suspensions. Urea formation from exogenous ammonia was olizing capacity, have been assessed for this purpose (2, 13, 32, 42, 46) . Previous studies on the biochemical quantified using a fluorescence-based method. The procedure allows an estimation of ureogenic rates in 1 h functionality of hepatocytes for transplantation are limited, most of which are based on assays carried out in (30 min for hepatocyte incubation and 30 min for the urea quantification assay). The method is sensitive cultured cells (6, 12, 13, 32) . Usually these experiments involve the use of time-consuming immunological or an-enough to assess urea production using a reduced num-ber of either fresh or cryopreserved hepatocytes (Fig. 1 ). allows to complete the characterization of major drugmetabolizing P450 activities prior to hepatocyte trans-The urea synthesis rates noted in the present study were similar to those reported in either human hepatocytes in plantation. The hepatocytes from livers 2 and 3 showed a high suspension or monolayer cultures (16, 32, 46) .
Assessment of the drug-metabolizing function seems viability and good efficiency attachment. However, their metabolic competence (urea synthesis and P450 activi-to be of special interest for the clinical setting of hepatocyte transplantation in which recipients receive extensive ties) was lower than that of the other hepatocyte preparations. These results suggest that functional assessment medication. P450 enzymes, and particularly CYP3A4, 2D6, 2C9, 2C19, and 1A2, are mostly responsible for could be useful to estimate the quality of hepatocyte suspensions. This should be demonstrated by studying the the oxidative metabolism of most drugs in clinical use (5) . Tacrolimus, cyclosporine, and prednisone, the most potential relationship between the functional parameters of hepatocytes in suspension and their metabolic behav-commonly drugs included in standard immunosuppression protocols for hepatic transplantation, are highly me-ior after transplantation, which could contribute to improve the long-term outcome of infused cells. tabolized by CYP3A4 (22, 23, 45) . High preparation-topreparation differences in P450 activity levels were
Using tissue from discarded liver grafts offers the advantage of permitting the isolation of large number of found ( Table 2 ). These interindividual variations are attributed to the role of genotype, hormonal status, age, cells from one organ. Cryopreservation of hepatocytes allows the banking of cells that would otherwise be lost. liver pathologies, diet, smoking or drinking habits, or drug intake in the P450 expression (14, 15) . In addition Banked hepatocytes can be used on demand for programmed infusions and are available for immediate use to intrinsic donor characteristics, however, other factors related to the procurement of liver sample and hepato-in urgent cases. Different cryopreservation protocols have been proposed, but a universal consensus about the cyte isolation procedure can contribute to the observed variability in drug-metabolizing activities (11, 15) . Drug-most appropriate freezing procedure has not been reached (1, 2, 17, 20, 42) . In general, reductions in viabil-metabolizing activities, and P450 enzymes in particular, are among the most sensitive liver functions to isolation ity and attachment efficiency of cryopreserved hepatocytes have been found (2, 13, 17, 26, 32, 43) . Some authors processes. During the disaggregation of liver cells with collagenase, a spontaneous and significant perturbation found significant alterations of hepatocyte cryopreservation in albumin synthesis or phase II drug-metabolizing of certain liver-specific genes and transcription factors has been observed, which can result in an altered profile activities (2, 39) , whereas most studies reported slight or no appreciable losses of functional competence, includ-of drug-metabolizing enzymes (33, 36) .
The importance of biotransformation capacity for he-ing urea synthesis and drug oxidations by P450 enzymes (8, 17, 26, 32) . These variable results on the effects of cryo-patocyte transplantation is highly recognized, and several authors have reported the assessment of certain preservation and thawing on liver-specific functions are likely due to the cryopreservation procedure, although drug-metabolizing activities as the functional criteria of human hepatocyte preparations (2, 6, 26, 31, 32, 42, 44) .
other factors, such as the characteristics of cell preparations before freezing, can influence the success of cryo-Because of the well-known overlapped substrate specificities of P450 enzymes, the measurement of individual preservation (2, 17) . A rapid quality assessment of freshly isolated hepatocytes could help to estimate their P450 activities requires cells being incubated with appropriate substrate probes for each enzyme and a further susceptibility to freezing/thawing-induced cell damage and the convenience of banking a particular hepatocyte quantification of the metabolites released into incubation media. Most P450 assays are based on the use of labori-preparation. Moreover, the functional assessment after cell thawing would allow to evaluate suitability for ous chromatographic techniques (i.e., HPLC) to separate and quantify enzyme-selective metabolites, which se-transplantation.
To summarize, we proposed a rapid assay to test the verely limit sample throughput. The assessment of P450 activities has been notably simplified by the recent ap-functional competence of cryopreserved or freshly isolated hepatocytes, which could be most useful to make plication of mass spectrophotometry (24) . The incubation of hepatocytes with a mixture of selective P450 decisions about their potential use for the transplantation of each cell batch. To our knowledge, this is the first probes and the further analysis using HPLC-MS/MS allow the simultaneous measurement of the activity of approach to estimate the metabolic capacity of hepatocytes before clinical infusion. Given that only one part several P450 enzymes. By using this fast, specific, and sensitive technology, the activity of seven individual of infused hepatocytes is able to survive and engraft into the liver, a previous estimation of the quality of the cells P450s can be quantified in a single incubation (30 min) and in a single run (10 min). This procedure has notable would allow a more precise calculation of the hepatocyte mass needed for each infusion (1). This could con-advantages with regard to conventional P450 assays, and 
